During catalysis, all Rubisco (D-ribulose-1,5-bisphosphate carboxylase/oxygenase) enzymes produce traces of several byproducts. Some of these by-products are released slowly from the active site of Rubisco from higher plants, thus progressively inhibiting turnover. Prompted by observations that Form I Rubisco enzymes from cyanobacteria and red algae, and the Form II Rubisco enzyme from bacteria, do not show inhibition over time, the production and binding of catalytic by-products was measured to ascertain the underlying differences. In the present study we show that the Form IB Rubisco from the cyanobacterium Synechococcus PCC6301, the Form ID enzyme from the red alga Galdieria sulfuraria and the low-specificity Form II type from the bacterium Rhodospirillum rubrum all catalyse formation of by-products to varying degrees; however, the by-products are not inhibitory under substrate-saturated conditions. Study of the binding and release of phosphorylated analogues of the substrate or reaction intermediates revealed diverse strategies for avoiding inhibition. Rubisco from Synechococcus and R. rubrum have an increased rate of inhibitor release. G. sulfuraria Rubisco releases inhibitors very slowly, but has an increased binding constant and maintains the enzyme in an activated state. These strategies may provide information about enzyme dynamics, and the degree of enzyme flexibility. Our observations also illustrate the phylogenetic diversity of mechanisms for regulating Rubisco and raise questions about whether an activase-like mechanism should be expected outside the green-algal/higher-plant lineage.
INTRODUCTION
The carboxylating enzyme Rubisco (D-ribulose-1,5-bisphosphate carboxylase/oxygenase, EC 4.1.1.39) is the central catalyst responsible for CO 2 acquisition in all schemes of aerobic photosynthesis [1] [2] [3] . Despite the intense natural selection that presumably accompanies this critical role, all forms of Rubisco are characterized by low maximum catalytic rates (1-12 s −1 ) and a tendency to confuse the carboxylation substrate CO 2 with O 2 , which, in plants, leads to the phenomenon known as photorespiration [1, 2] .
All forms of Rubisco have a common evolutionary origin, showing clear similarities in amino acid sequences, and the threedimensional structures of the active sites are nearly superimposable [3, 4] . This single phylogeny is, nevertheless, deeply branched and several major nodes may be discerned [3, 5] . Form II Rubiscos, found in bacteria and some dinoflagellates, are homodimers of ∼ 52 kDa large subunits (L 2 ) with active sites formed in the interfaces between the subunits such that there are two active sites per dimer. Sometimes these Form II dimers are assembled into higher oligomers [(L 2 ) n , where n = 1-5]. The more common Form I type is found in bacteria, algae and higher plants. This has the same fundamental L 2 unit but it is assembled into a more elaborate quaternary structure where four such dimers are arranged like the staves of a barrel that is capped at each end with a tetramer of 12-18 kDa small subunits which assist in holding the structure together and massively stimulate catalytic activity [6] [(L 2 ) 4 (S 4 ) 2 = L 8 S 8 ]. The Form I class is further subdivided into the 'green' subclass, found in bacteria and cyanobacteria (Form IA and Form IB) and green algae and higher plants (Form IB), and the 'red' subclass, found in bacteria (Form IC) and non-green algae (Form ID). The green and red subclasses are distinguished by a number of structural features, the most notable being Cterminal extensions of the small subunits that assemble together in each S 4 cap to form a distinctive small barrel that is inserted into the lumen of the larger L 8 barrel [7, 8] .
Structural diversity is paralleled by diversity in catalytic properties, most notably the specificity for CO 2 relative to O 2 which is generally lowest in the Form II class, intermediate in Forms IA, IB and IC and highest in Form ID [1, 3] . As the structure of the active site is highly conserved, differences in catalysis must be due to changes in structure that are remote from the active site [3, 4] . However, crystal structures do not give any information about the enzyme dynamics or the degree of enzyme flexibility. There is considerable evidence that enzyme activity is dependent on enzyme flexibility [9] , and this may be responsible for the observed differences in Rubisco catalytic properties. It has recently been suggested that all Rubisco enzymes may be nearly perfectly optimized to the differing conditions in their subcellular environment, in which tight binding of the carboxylation intermediate reduces the oxygenation reaction, but is balanced by a reduced cleavage rate due to the tight binding [10] .
Rubisco is activated by an unusual cofactor: CO 2 (distinct from substrate CO 2 ) in the form of a carbamate attached to a lysyl sidechain that completes the binding site for the catalytically essential Mg 2+ ion and also extracts protons at several stages during catalysis [11] . If the substrate ribulose-P 2 (D-ribulose 1,5-bisphosphate) binds to Form IB Rubisco from higher plants before carbamylation, the addition of CO 2 and Mg 2+ is greatly retarded.
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Scheme 1 Reactions catalysed by Rubisco
The predominant reactions carried out by Rubisco are the carboxylation or oxygenation of ribulose-P 2 , as indicated by the solid arrows. Intermediate compounds may also be partitioned to form other products, some of which are shown here indicated by the dotted arrows.
Plants and green algae have a motor protein, Rubisco activase, which disrupts the inactive enzyme-ribulose-P 2 complex, with the aid of ATP hydrolysis, thus facilitating carbamylation and regulating Rubisco's activity according to the demands of photosynthetic metabolism [12] . The catalytic pathways of carboxylation and oxygenation involve a common enolization of ribulose-P 2 to produce an enediol(ate) which is attacked at C-2 by CO 2 or O 2 (Scheme 1). The reactions then pass through an analogous sequence of intermediates [1, 11, 13] to yield two molecules of P-glycerate or a molecule each of P-glycerate (3-phospho-D-glycerate) and P-glycolate (2-phosphoglycolate) respectively. Several of these intermediates, including the enediol, are not perfectly stabilized in the active site and decay to produce a range of non-phosphorylated, monophosphorylated and bisphosphorylated by-products [1, [14] [15] [16] [17] [18] . Two bisphosphorylated products, xylulose-P 2 (D-xylulose 1,5-bisphosphate; derived by misprotonation of the enediol) and pentodiulose-P 2 (D-glycero-2,3-pentodiulose 1,5-bisphosphate; arising from elimination of H 2 O 2 from the peroxyketone intermediate of the oxygenase pathway and also by non-enzymatic oxidation of ribulose-P 2 ) are particularly important because they are slow to dissociate from the higher-plant enzyme and are slow-binding inhibitors of catalysis [14, 17, 18] . Pentodiulose-P 2 can be rearranged to from carboxytetritol-P 2 (2 -carboxy-Dtetritol 1,5-bisphosphate) [16] . Xylulose-P 2 also binds tightly to the uncarbamylated active site, promoting decarbamylation [19] . Inhibition by these compounds causes progressive loss of activity during catalysis in vitro, a characteristic of the higherplant enzyme [17] . This self-inhibition is alleviated by a mutation which slightly alters the structure of the active site [18] or, in vivo, by the action of Rubisco activase [12] .
Prompted by recent better understanding of Rubisco self-inhibition [18] and observations that self-inhibition is only observed in higher-plant Rubiscos, with other forms of the enzyme showing varying degrees of inhibition following exposure of their uncarbamylated forms to ribulose-P 2 [20] [21] [22] , in the present study we undertook a detailed investigation of the formation of catalytic by-products and inhibition by bisphosphates using Rubiscos drawn from the three major branches of Rubisco's phylogeny.
EXPERIMENTAL

Materials
Rubiscos were purified as described previously from tobacco [Nicotiana tabacum L. cv. Petit Havana (N,N)] [23] and spinach (Spinacia oleracea L.) [24, 25] . The Synechococcus PCC6301 rbcLS operon in plasmid pSH1 [6] was expressed in Escherichia coli HB101 at 37
• C and the resultant Rubisco was purified as previously described [25] . The rbcM gene from Rhodospirillum rubrum, fused to a 5 hexahistidyl-coding sequence in plasmid pRrHis [26] , was expressed in E. coli BL21 (pLysS) at 25
• C in 2YT medium containing 30 µg · ml −1 kanamycin. The resultant Rubisco was purified by metal-affinity chromatography on Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose (Qiagen) according to the manufacturer's instructions and stored snap-frozen at − 80
• C in 9 mM sodium phosphate buffer (pH 7.6) containing 45 mM NaCl, 1 mM EDTA and 10 % (v/v) glycerol. Unlabelled and 1-3 H-labelled ribulose-P 2 were synthesized, purified, desalted and stored in liquid nitrogen as described previously [17] . Unlabelled and carboxyl-14 C-labelled carboxypentitol-P 2 were synthesized and carboxyarabinitol-P 2 (2 -carboxy-D-arabinitol-1,5-bisphosphate) was purified from these preparations as described in [28] . Xylulose-P 2 was synthesized and purified as described in [18] . Carboxyarabinitol-1-P (2 -carboxy-D-arabinitol-1-phosphate) was synthesized as described previously [29] and was purified by the same anion-exchange procedure used for carboxyarabinitol-P 2 [28] .
Measurement of activity
Prior to the assay, Rubisco was activated in a buffer containing 100 mM Hepps/NaOH (pH 8.0), 20 mM MgCl 2 , 1 mM EDTA and 20 mM NaHCO 3 . Tobacco Rubisco was also incubated at 50
• C for 10 min. Carboxylase activity was measured spectrophotometrically at 25
• C as described previously [18, 30] . Assay mixtures contained 500 µM ribulose-P 2 , 5-20 nM active sites, and 5 mM (for G. sulfuraria), 20 mM (for tobacco) or 50 mM (for Synechococcus and R. rubrum) NaHCO 3 . Xylulose-P 2 carboxylase activity was measured using the same method, but with 25-100 µM xylulose-P 2 instead of ribulose-P 2 and 0.5-2.0 µM active sites. Xylulose-P 2 production was measured spectrophotometrically under CO 2 -and O 2 -free conditions as described previously [18] . Where non-linear time courses were observed, the data for product accumulation as a function of time were fitted to the following equation (Equation 1):
to estimate v i and v f , the initial and final steady-state rates respectively, and k obs , the observed first-order rate constant.
Reaction products
Assays were carried out at 25 • C in buffer containing 100 mM Hepps/NaOH (pH 8.0), 20 mM MgCl 2 , 1 mM EDTA and 1 µM
, as described previously [18] . Assays under carboxylating conditions used buffer that had been sparged with nitrogen before the addition of 20 mM NaHCO 3 , whereas assays under oxygenating conditions used buffer that had been sparged with oxygen, and had a final NaHCO 3 concentration of 10 µM (carried over with the pre-activated enzyme solution). Assays were initiated with pre-activated enzyme (described earlier) to a final concentration of > 3 µM active sites. The reaction was incubated at 25
• C for 30 min, before SDS was added to a final concentration of 2 % (w/v) and borate was added to a final concentration of 10 mM. The denatured proteins were removed using an Ultrafree-MC filter unit (M r cut-off 10 000; Millipore), and the ribulose-P 2 derivatives were separated by anion-exchange chromatography as described previously [18] .
Competitive inhibition by xylulose-P 2
Rapid-equilibrium inhibition by xylulose-P 2 was measured as described in [18, 31] by adding pre-activated enzyme (final concentration of 12 nM) to initiate spectrophotometric assays containing 2.5-500 µM ribulose-P 2 and 0-75 µM xylulose-P 2 .
Release of inhibitors from tobacco, Synechococcus and R. rubrum Rubiscos
Tobacco, Synechococcus PCC6301 and R. rubrum Rubiscos were decarbamylated by incubating at 25
• C for 20 min in 100 mM Hepps/NaOH buffer (pH 8.0) containing 1 mM EDTA. These uncarbamylated, metal-free Rubiscos (2-7 µM) were incubated at 25
• C with 0.5 mM ribulose-P 2 or 80 µM xylulose-P 2 for 60 min. Carbamylated Rubiscos in the same buffer plus 20 mM MgCl 2 and 5-50 mM NaHCO 3 were similarly incubated with 20 µM carboxyarabinitol-1-P. Spectrophotometric carboxylase assays were initiated by adding the pre-incubated Rubisco preparations to otherwise complete assay mixtures (final Rubisco concentration of 150 nM). Xylulose-P 2 and carboxyarabinitol-1-P concentrations in the assay mixtures were less than the K i values and the ribulose-P 2 concentration was 25 times the K m , thus minimizing rapid-equilibrium inhibition. Activity increased exponentially and the data were fitted to Equation 1 to estimate k obs .
To measure the release of carboxyarabinitol-P 2 , Rubisco from tobacco, Synechococcus or R. rubrum (1.5 µM) was carbamylated in 50 mM Hepps/NaOH buffer (pH 8.0) containing 10 mM MgCl 2 , 10 mM NaHCO 3 and 1 mM EDTA, incubated at 25
• C for 10 min in the presence of 18 µM [carboxy-
14 C]carboxypentitol-P 2 , and separated from unbound radioactivity by gel filtration through Sephadex G-50 fine (GE Biosciences) that had been equilibrated with the same buffer. Unlabelled carboxypentitol-P 2 was then added (200 µM) and, at intervals thereafter, samples were reapplied to the gel-filtration column to allow measurement of the radioactivity that remained bound. Data were fitted to the following exponential equation, derived from the differentiated form of Equation 1 (Equation 2):
where I * is the amount of labelled inhibitor that has been released from the enzyme, I t is the total amount of labelled inhibitor, and k obs is the observed first-order rate constant.
Release of inhibitors from G. sulfuraria Rubisco
G. sulfuraria Rubisco (3 µM) was decarbamylated by overnight dialysis at 4
• C against constantly nitrogen-sparged 100 mM Hepps/NaOH buffer (pH 8.0) containing 1 mM EDTA. Release of ribulose-P 2 was measured by incubating the preparation at 25
• C for 10 min with 6 µM [1-
3 H]ribulose-P 2 . Unbound label was then removed by passing a sample through a 1 cm × 20 cm column of Sephadex G-50 fine equilibrated with the dialysis buffer. Unlabelled ribulose-P 2 (0.4 mM) was then added at zero time to the high-molecular-mass fraction and, after the stated times at 25
• C, samples were again gel-filtered as above and the proteinbound radioactivity remaining was measured. Data were fitted to Equation 2. To measure the release of xylulose-P 2 , the preparation was incubated with 200 µM xylulose-P 2 for 10 min at 25
• C and then gel-filtered as above. The high-molecular-mass fraction was then added at zero time to the spectrophotometric carboxylase assay solution lacking ribulose-P 2 (final Rubisco concentration of 150 nM). At various times, 0.5 mM ribulose-P 2 was added to initiate the reaction and the initial rate (v) was recorded and expressed as the fraction of the similarly measured activity of a control without exposure to xylulose-P 2 (v con ). The release of carboxyarabinitol-1-P and carboxyarabinitol-P 2 were measured as described above.
Binding of carboxyarabinitol-P 2
Pre-activated Rubisco (final concentration in assay of 5-30 nM) was added to the spectrophotometric assays as described above. Carboxyarabinitol-P 2 was added to the assay (final concentration of 0.1-2.0 µM) and the mixture was incubated at 25
• C for 0-240 s, before ribulose-P 2 (final concentration of 0.5 mM) was added to initiate the reaction. Alternatively, pre-activated Rubisco was incubated with carboxyarabinitol-P 2 (5-600 µM) at 25
• C. At intervals thereafter, an aliquot was used to initiate an assay containing 0.5 mM ribulose-P 2 (final concentration in assay of 5-30 nM active sites).
Analysis of carboxyarabinitol-P 2 inhibition
Data were analysed in terms of a two-step model [18, 28] where a rapid-equilibrium interaction of the inhibitor (I) with Rubisco (E) to form an initial complex (EI) is followed by a slow isomerization to a much tighter complex (EI * ): 
where
RESULTS
Only higher-plant Rubiscos demonstrate self-inhibition
Of the four phylogenetically divergent Rubiscos included in this study, only that from the higher plant, tobacco, showed any sign of progressive loss of activity during catalysis at saturating CO 2 and ribulose-P 2 concentrations. The other three all had simple linear time courses (Figure 1 ).
All Rubisco enzymes form by-products during catalysis
All Rubiscos catalysed the production of P-glycerate virtually exclusively under anaerobic, CO 2 -saturating conditions. Other phosphorylated products did not accumulate in amounts detectable
Figure 1 Time courses of carboxylase assays
To initiate the reactions, pre-activated Rubisco preparations were added to otherwise complete assay mixtures with saturating CO 2 concentrations as described in the Experimental section. Data for product formation (a) were fitted to Equation 1 or to a linear regression, as appropriate, and the rate as a function of time (b) was calculated from the resultant parameter estimates.
chromatographically (Table 1) . Progressive inactivation of the higher-plant enzyme is least under these conditions, and the residual inhibition is likely to be caused by chromatographically undetectable traces of pentodiulose-P 2 present in the ribulose-P 2 preparations [17] . However, when CO 2 was scarce and O 2 was present, the products of the side reactions became apparent. All Rubiscos partitioned 1-3 % of their product to xylulose-P 2 . In addition, oxygenation by-products were produced by the tobacco and R. rubrum enzymes. The former converted 0.3 % of the initial ribulose-P 2 into pentodiulose-P 2 , whereas the latter produced 0.6 % in the form of the rearranged product of pentodiulose-P 2 , carboxytetritol-P 2 (Table 1) . This is consistent with other reports of pentodiulose-P 2 production by spinach and R. rubrum Rubisco [32] . Although the instability of pentodiulose-P 2 [17] limits the extent to which its interactions with Rubisco can be studied, some information could be obtained by deliberately oxidizing ribulose-P 2 in the presence of Cu 2+ ions [17, 18] to produce a mixture that contained approx. 10 % of the original ribulose-P 2 in the form of the oxidation products, pentodiulose-P 2 and carboxytetritol-P 2 ( Table 2 ). The oxidized mixture was exposed, under carboxylating conditions, to the four Rubiscos (with a molar excess of active sites over ribulose-P 2 plus oxidation products). After the remaining ribulose-P 2 was converted into P-glycerate, the distributions of products in the total reaction mixture and in the protein-bound fraction recoverable after rapid gel filtration were re-analysed. Tobacco, Synechococcus and G. sulfuraria Rubiscos did not materially alter the approx. 5:1 ratio between pentodiulose-P 2 and carboxytetritol-P 2 and the majority of both compounds was recovered bound to the Rubisco (Table 2) .
Table 1 Products of Rubisco catalysis
Products derived from near-complete conversion of [1- 3 H]ribulose-P 2 were analysed by anion-exchange chromatography after assays under carboxylating (saturating CO 2 , nitrogen-sparged) and predominantly oxygenating (CO 2 -free, air-sparged, 10 µM NaHCO 3 ) conditions as described previously [18] . Although oxygenase activity was promoted under the latter conditions, the residual 10 µM NaHCO 3 unavoidably carried over with the CO 2 /Mg 2+ , pre-activated Rubisco preparation allowed some carboxylation to occur, particularly with the high-specificity enzymes. Values shown are the amount of each radiolabelled product as a percentage of the ribulose-P 2 consumed during the reaction (+ − S.D., n=2-4). Small amounts of some early eluting non-phosphorylated compounds, which include pyruvate and products of trace phosphatase contamination, did not resolve well, and are not shown. Xylulose-P 2 was distinguished from co-chromatographing residual ribulose-P 2 by further chromatography on a sugar-separating column following phosphatase treatment [18] Table 2 Binding and interconversion of ribulose-P 2 oxidation products
As described previously [18] , [1-3 H]ribulose-P 2 was oxidized in the presence of Cu 2+ ions, reacted to near-completion under CO 2 -saturating conditions in the presence of excess amounts of the various Rubiscos, and the total products, and those remaining bound to the enzyme (isolated by rapid gel filtration), were analysed by anion-exchange chromatography. Values shown are the amount of radiolabel in pentodiulose-P 2 and carboxytetritol-P 2 as percentages of the total radioactivity in the starting ribulose-P 2 . Results for a single experiment are shown because the amounts of oxidation products produced by the oxidation procedure, and thus available for the enzymatic reaction (shown in the first row), varied somewhat between replicate oxidations, reflecting the instability of pentodiulose-P 2 [17] . By contrast, R. rubrum Rubisco catalysed conversion of much of the pentodiulose-P 2 into carboxytetritol-P 2 , with all of the former and most of the latter being released from the enzyme ( Table 2) . Xylulose-P 2 production was also measured in continuous spectrophotometric assays under conditions designed to reduce the CO 2 and O 2 concentrations to zero while leaving an excess of ribulose-P 2 remaining (Figure 2 ). Xylulose-P 2 production accelerated in all assays as the residual CO 2 was exhausted, eventually becoming linear at rates between 0.05 % and 1.4 % of the relevant CO 2 -saturated carboxylation rates (Table 3) . Partitioning of the product of carboxylation to pyruvate was approx. 0.7 % for tobacco, Synechococcus and R. rubrum Rubiscos (Table 3) , in line with previous observations [15] , but greatly increased to approx. 2 % for the G. sulfuraria enzyme.
Inhibition by xylulose-P 2
Rapid-equilibrium inhibition by xylulose-P 2 was measured in initial-rate assays following simultaneous addition of xylulose-P 2
Figure 2 Production and carboxylation of xylulose-P 2
Xylulose-P 2 formation (᭺) under CO 2 -and O 2 -free conditions, and xylulose-P 2 carboxylation () at saturating CO 2 and O 2 -free conditions with 50 µM xylulose-P 2 , were measured as described in the Experimental section. All assays showed initial lags (see text) and the data were fitted to Equation 1 to estimate the final, post-lag rate (v f ). Xylulose-P 2 formation by R. rubrum Rubisco continued to accelerate beyond the data shown and observations were extended to 40 min to allow estimation of v f . and ribulose-P 2 . The K i for xylulose-P 2 varied from 3 to 90 µM, and the ratio to the K m for ribulose-P 2 varying over an even wider range, with tobacco Rubisco being most potently inhibited by xylulose-P 2 and R. rubrum Rubisco being inhibited the least (Table 3) . Curiously, the K m values for ribulose-P 2 determined in these experiments for the three Form I Rubiscos were consistently 3-4-fold greater than previous estimates [25, 33] . This was not likely to be caused by competitive inhibition by additives necessarily present in the spectrophotometric assay, because recent experiments with the 14 CO 2 -fixation assay, which lacks these additives, yielded a value (61 µM) for Synechococcus Rubisco, < 10 [18] . Other data are from the present study [+ − S.E.M. derived from the curve-fitting procedures (Figures 2-5) ]. f Ribulose-P 2 carboxylation at 500 µM ribulose-P 2 and 5 mM (for G. sulfuraria), 20 mM (for tobacco) or 50 mM (for Synechococcus and R. rubrum) NaHCO 3 at 25 • C. g Value as a percentage of the ribulose-P 2 carboxylation rate. h Data from Figures 3 and 4 . i Data from Figure 5 . j Inhibition fast and linearly responsive to carboxyarabinitol-P 2 concentration to 1.5 µM (Figure 5a ). k No detectable release in 4 days (Figure 5c ). l v f estimates from the data of Figure 2 . m Measured spectrophotometrically as described previously [15] . similar to that listed in Table 3 (S. M. Whitney and T. J. Andrews, personal communication).
Carboxylation of xylulose-P 2
All four Rubiscos catalysed a low rate of carboxylation of xylulose-P 2 ( Figure 2 ). Whereas for tobacco the rate declined with time [18] , in a similar way to that seen with ribulose-P 2 as substrate, the time courses for the other three enzymes were linear after an initial lag while intermediates in the coupling system reached their steady-state levels. The maximum rates with xylulose-P 2 varied over a 10-fold range, both in absolute terms and as a percentage of the rate of ribulose-P 2 carboxylation (Table 3) . Also notable was the variation in the ratio of xylulose-P 2 carboxylation rate to the rate of xylulose-P 2 production from ribulose-P 2 under CO 2 -and O 2 -free conditions (Figure 2 ). Xylulose-P 2 production by tobacco Rubisco was 20 times faster than xylulose-P 2 carboxylation, whereas, for Synechococcus Rubisco, the two rates were similar (Table 3 ). This would prevent sequestration of significant amounts of the latter enzyme by xylulose-P 2 .
Release of inhibitors from tightly bound complexes
Uncarbamylated, metal-free Rubisco (E) can bind to ligands including xylulose-P 2 and the substrate, ribulose-P 2 . The strength of this interaction can be measured by pre-incubating the E form of the enzyme with the ligand, and then measuring the rate at which activity is recovered when the treated enzyme is added to an assay mixture containing saturating concentrations of CO 2 , Mg 2+ and ribulose-P 2 . The activity increases from an initial zero to a final steady state that matches the activity in controls containing the fully activated (ECM) form of the enzyme (Figure 3) . The observed rate constant for this activation was increased for the Synechococcus and R. rubrum Rubisco enzymes compared with that of tobacco Rubisco, and was similar for both xylulose-P 2 and ribulose-P 2 , with nearly full activity regained within 1 min. The activation rate of R. rubrum Rubisco was higher than that previously observed [34] , but the previous work had been carried out at 2
• C, and it would be expected that the rate of inhibitor release would be higher at higher temperatures.
There were initial difficulties in obtaining the decarbamylated form of G. sulfuraria Rubisco, which necessitated overnight dialysis of the enzyme against nitrogen-sparged buffer. Release of ribulose-P 2 and xylulose-P 2 from decarbamylated G. sulfuraria Rubisco was too slow to be measured by the spectrophotometric assay. Release of ribulose-P 2 was measured by the exchange of labelled ligands (Figure 4a ). In this experiment, uncarbamylated Rubisco was incubated with [1- 3 H]ribulose-P 2 to form the E-ribulose-P 2 complex. Unbound inhibitors were removed by gel filtration, and an excess of unlabelled ribulose-P 2 was added so that when a labelled ribulose-P 2 molecule was released, an unlabelled ribulose-P 2 molecule would replace it. Exchange of bound [1- 3 H]ribulose-P 2 with [1-1 H]ribulose-P 2 was measured by gel filtration, allowing k obs to be measured using Equation 2. Release of ribulose-P 2 was much slower than for other enzymes, with a 
rubrum Rubiscos
Uncarbamylated, metal-free Rubiscos were incubated at 25 • C with 0.5 mM ribulose-P 2 () or 80 µM xylulose-P 2 ( ) for 60 min. Carbamylated Rubiscos were similarly incubated with 20 µM carboxyarabinitol-1-P (᭺). Spectrophotometric carboxylase assays (see the Experimental section) were initiated by adding the pre-incubated Rubisco preparations to otherwise complete assay mixtures. Xylulose-P 2 and carboxyarabinitol-1-P concentrations in the assay mixtures were less than the K i values and the ribulose-P 2 concentration was 25 times the K m , thus minimizing rapid-equilibrium inhibition. Activity increased exponentially and the data were fitted to Equation 1 to estimate k obs .
half-time of nearly 90 min. Release of xylulose-P 2 was measured by initially incubating the decarbamylated enzyme with xylulose-P 2 , and then removing excess inhibitors by gel filtration. Inhibited enzyme was then added to an assay mixture that contained high levels of Mg 2+ and NaHCO 3 , allowing activation of the active sites once the xylulose-P 2 was released. Samples were taken over time and ribulose-P 2 was added to initiate the reaction, allowing measurement of the reaction rate (Figure 4b ). The activity increased over time, and was fitted to the differentiated version of Equation 1 to calculate k obs , the first order rate constant. The initial activity was 20 % of the fully activated rate, and was due to the activation occurring during the gel filtration, and incomplete initial decarbamylation of the enzyme. Release of xylulose-P 2 was much slower than observed for other Rubisco enzymes, and also slower than the release of ribulose-P 2 from the G. sulfuraria enzyme, with half of the activity regained after 160 min.
Unlike ribulose-P 2 and xylulose-P 2 , carboxyarabinitol-1-P binds most strongly to the carbamylated form of the Rubisco Figure 4 Release of inhibitors from G. sulfuraria Rubisco G. sulfuraria Rubisco was decarbamylated by overnight dialysis as described in the Experimental section. (a) The preparation was incubated for 10 min with 6 µM [1-
3 H]ribulose-P 2 . Unbound label was then removed by gel filtration. Unlabelled ribulose-P 2 was added to the inhibited enzyme and, after the stated times, samples were again gel-filtered as above and the protein-bound radioactivity remaining was measured. (b) The preparation was incubated with 200 µM xylulose-P 2 for 10 min and then gel-filtered. The inhibited enzyme was then added at zero time to the spectrophotometric carboxylase assay solution lacking ribulose-P 2 . At the times shown, ribulose-P 2 was added to initiate the reaction and the initial rate (v) was recorded and expressed as the fraction of the similarly measured activity of a control without exposure to xylulose-P 2 (v con ). (c) The preparation was carbamylated and incubated for 60 min with 20 µM carboxyarabinitol-1-P. A sample was then added to initiate otherwise complete carboxylase assays and the time course of product formation was recorded. The data for all three experiments were fitted to Equation 1 and k obs was estimated.
enzyme. The dissociation of carboxyarabinitol-1-P from this complex was measured by adding a small aliquot of inhibited enzyme to a spectrophotometric assay and monitoring the increase in activity. During the assay, the activity increased over time, after initially showing little activity (Figures 3 and 4c) . Recovery of activity was less than complete, with most enzymes regaining 80 % of the control activity. Tobacco and R. rubrum Rubisco released carboxyarabinitol-1-P at a similar rate to that for the release of ribulose-P 2 from the decarbamylated enzyme, whereas G. sulfuraria Rubisco released carboxyarabinitol-1-P at a higher rate and Synechococcus Rubisco released carboxyarabinitol-1-P at a lower rate than ribulose-P 2 release.
Inhibition by carboxyarabinitol-P 2
Carboxyarabinitol-P 2 binds to the carbamylated form of Rubisco in a two-step process involving a rapid-equilibrium phase followed by slow isomerization [28] . Data for Rubisco inhibition versus time were fitted to Equation 1 to calculate the binding constant (k obs ) for a range of carboxyarabinitol-P 2 concentrations. This was then plotted against the carboxyarabinitol-P 2 concentration ( Figure 5 ) and fitted to Equation 3 to calculate the binding rate (k 2 ) and inhibition constant (K i ) ( Table 3) . Synechococcus Rubisco had a similar binding rate and inhibition constant to tobacco Rubisco, whereas G. sulfuraria had a similar binding rate, but the binding constant was 100 times greater. R. rubrum Rubisco gave a linear response to carboxyarabinitol-P 2 concentrations up to 1.5 µM, and had a very high binding constant, with half of the sites occupied after 1 s when assayed at 1.6 µM carboxyarabinitol-P 2 . As a result, it was not possible to measure the binding constant at higher carboxyarabinitol-P 2 concentrations.
The model used for measuring the binding of carboxyarabinitol-P 2 to Rubisco assumes that k −2 = 0, i.e. that binding was irreversible and the rate of inhibitor release was effectively zero. This was confirmed by measuring the exchange of bound [
14 C]carboxyarabinitol-P 2 for unbound, unlabelled carboxyarabinitol-P 2 (Figure 5) . Tobacco, Synechococcus and G. sulfuraria Rubiscos showed negligible exchange of inhibitor over several days, which is consistent with an exchange rate for higher plants of approx. 1 × 10 −8 s −1 , it would take over 2 years for half of the inhibitor to be exchanged [35] . R. rubrum Rubisco showed slow exchange of bound inhibitor, with half of the inhibitor being exchanged after 2 days. These data could be fitted to Equation 2 to calculate k obs , and, due to the low [I * ] in the assay, Equation 3 simplifies to k obs = k −2 . The calculated value of k −2 is similar to other reported rates for R. rubrum Rubisco [36] .
DISCUSSION
From the results in the present study, combined with information about the specificity factor [1, 3] , it appears that despite having a highly conserved active site [3, 4] there is a range of activity for Rubisco. At one end of the spectrum, the Form II Rubisco from R. rubrum has a low specificity for CO 2 over O 2 , produces several by-products during catalysis, and does not bind inhibitors very tightly. At the other extreme, Rubisco from the non-green alga G. sulfuraria has a high specificity for CO 2 over O 2 , produces relatively few by-products during catalysis, has a high binding constant for inhibitors and a very low release rate of tight-binding inhibitors. Although a more extensive study would be required to confirm this, it is tempting to speculate that different Rubisco phylogenies have adopted alternative strategies for avoiding self-inhibition during catalysis.
As protein function depends on flexibility [9] , the quaternary structure of Rubisco is almost certain to have an effect on the enzyme dynamics and flexibility. Form II Rubisco lacks small subunits and thus it would be expected that the R. rubrum enzyme may have increased flexibility, compared with the Form I enzymes, in which the small subunits form several interactions between the different subunits. This could account for the absence of slow, tight-binding inhibition, which requires the flexible loop six region to close tightly over the active site [37] . A flexible enzyme would be less prone to this inhibition, because the loop six region would not close over the active site, allowing the inhibitor to (a) and (b) Pre-activated tobacco (᭺), Synechococcus (᭝), R. rubrum (᭹) and G. sulfuraria (ᮀ) Rubisco was incubated with carboxyarabinitol-P 2 and the mixtures were incubated for 0-240 s before being used to initiate carboxylase assays. At each carboxyarabinitol-P 2 concentration, initial rates recorded for each period of incubation were fitted to Equation 1 and k obs was estimated. Experiments were carried out in duplicate; the error bars show the range of observations. The resulting data were fitted to the hyperbolic Equation 3, allowing estimation of K i and k 2 , except in the case of R. rubrum Rubisco where no saturation was apparent and k obs became too high to measure at carboxyarabinitol-P 2 concentrations greater than 1.6 µM. In this case a linear regression fitted the data. (c) Release of carboxyarabinitol-P 2 was measured by measuring the exchange of labelled inhibitor, as described in the Experimental section. Only R. rubrum Rubisco showed appreciable exchange of label during 4 days. These data were fitted to Equation 1, allowing estimation of the k obs for release. be released. Similarly, an enzyme with a high degree of flexibility would be less able to control the stability of intermediate compounds during catalysis, resulting in the increased formation of by-products such as xylulose-P 2 , pentodiulose-P 2 and carboxytetritol-P 2 . Thus R. rubrum Rubisco does not show any decline in activity, despite producing several inhibitors during catalysis, as the inhibitors do not bind tightly to the enzyme.
In contrast, Form I Rubisco from G. sulfuraria had high specificity, and had a very low release rate of inhibitors, suggesting that the G. sulfuraria enzyme has less enzyme flexibility. G. sulfuraria does not show a decline in activity during catalysis as, although the enzyme can bind inhibitors very tightly, it has increased inhibition constants, and inhibition is unlikely to occur to a significant degree at the low physiological levels of inhibitor. The enzyme also shows an extraordinary avidity for the carbamylating CO 2 molecule (S. M. Whitney, J. K. Janek and I. Saska, personal communication). Studies of enzyme dynamics have shown that, at a given temperature, thermostable enzymes are less flexible than thermolabile ones [38] , and that, at lower temperatures, enzymes from extreme thermophiles are less flexible than those from mesophiles [39] . At the optimum growth temperature for an organism, the flexibility of enzymes from mesophiles and extreme thermophiles is similar [40] . This phenomenon is also observed for Rubisco specificity, since G. sulfuraria, which is a thermophilic red alga, and spinach Rubisco have similar specificity levels when measured at physiological temperature [41] .
At higher temperatures, it would be expected that enzymes would have more flexibility, and carry out more side reactions. Cotton Rubisco has been observed to produce more xylulose-P 2 when assayed at higher temperatures [42] , and at higher temperatures spinach Rubisco has increased production of pentodiulose-P 2 [32] and a higher rate of decline in activity [43] . At higher temperatures, tobacco Rubisco produces more inhibitors, but there is less decline in catalytic rate over time [44] .
Interactions of the small subunits with other subunits in Form I Rubisco reduces the flexibility of the enzyme. This is shown by a reduction in the amount of side reactions catalysed by Form I Rubisco enzymes, such as those from tobacco and Synechococcus, when compared with Form II Rubisco, and the increased tendency for slow, tight-binding inhibition. Synechococcus Rubisco appears to lack self-inhibition during catalysis, due to an increased ability to carry out carboxylation of xylulose-P 2 , which would otherwise act as an inhibitor. The release of inhibitor from the decarbamylated enzyme is also faster compared with that of tobacco Rubisco.
Manipulation of the small subunits of Form I Rubisco influences the catalytic ability of the enzyme, demonstrating their importance in stabilizing the large subunit dimers. Removal of the small subunits from Synechococcus PCC6301 greatly reduced the rate of catalysis [6] , and increased the tendency to carry out β-elimination of the enediol intermediate [45] . A hybrid enzyme consisting of Synechococcus PCC6301 large subunits with small subunits from Cylindrotheca (a diatom) had increased specificity relative to the native Synechococcus enzyme [46] , showing that the small subunits can influence enzyme specificity. However, a hybrid enzyme consisting of sunflower Rubisco large subunits and tobacco Rubisco small subunits had a similar specificity to the native enzyme, but a reduced catalytic rate [47] . Recent studies with the Chlamydomonas Rubisco enzyme have shown that the interface between the large and small subunits contributes significantly to the differences in catalytic properties between algal and land-plant Rubisco enzymes [48] . Rubisco small subunits are likely to have a generic role in stabilizing the degree of enzyme flexibility, and reducing the ability of the enzyme to catalyse side reactions.
It has been proposed that all Rubisco enzymes may be nearly perfectly adapted to the differing conditions in the subcellular environment [10] . In order to improve the ability to differentiate between CO 2 and O 2 as substrates, the transition state for CO 2 addition closely resembles the subsequent carboxyketone intermediate. However, the tight binding of this intermediate compound restricts the maximum catalytic throughput, and increases the fraction of the enzyme with enediol bound during catalysis. As a result, higher-plant Rubisco enzymes produce trace amounts of several by-products that can act as slow, tight-binding inhibitors. All forms of the Rubisco enzyme appear to produce these byproducts; however, the by-products do not act as inhibitors, due to several different strategies. In higher plants, the protein Rubisco activase uses the energy from ATP hydrolysis to release these inhibitors, and thus regulate higher-plant Rubisco activity. No Rubisco activase proteins have been found in phylogenies other than the green algal/higher-plant lineage, and it is likely that these phylogenies do not utilize this method of Rubisco regulation. Enzyme dynamics influence the function of the enzyme, and, as such, Rubisco may provide an excellent model in extending the structure-function paradigm.
